Abstract. The distribution of 56 Pinus species in Mexico was modelled with MAXENT. The pine species were classified as threatened according to IUCN criteria. Our aim was to ascertain whether or not threatened pine species were adequately represented in protected areas. Almost 70% of the species had less than 10% of their modelled distribution area protected. None of the pine species reached their representation targets. Threatened pine species were less widely distributed, occurred at lower maximum elevations, and were less well represented in protected areas than other pine species. The results suggest that the present system of protected areas in Mexico fails to protect pine species adequately. Conservation targets should be especially directed to species with narrow distributions which occur at low altitudes, such as Pinus. attenuata, P. cembroides subsp. cembroides var. lagunae, P. radiata var. binata, P. rzedowskii, and P. muricata.
Introduction
The same factors that increase the probability of a species being endangered also increase its risk of not being present in protected areas. The origin for this unwanted situation is twofold. First, narrowly distributed species, i.e. species with small range sizes, low population densities, or occurring in widely spaced small patches, are more vulnerable than widespread species (Gaston et al., 1997; Rabinowitz, 1981; Purvis et al., 2000) . Unfortunately, narrowly distributed species are not likely to occur in protected areas (Rodrigues and Gaston, 2001) . Thus, species that are potentially endangered because of their population structure are prone to be misrepresented in areas designed to protect them. Secondly, many species are severely threatened by high degrees of human disturbance. Such species are likely to be underrepresented in protected areas, as these natural reserves tend to be located in areas where human influence is minimized (Cantú et al., 2004) . The aim of this study is to test these 2 propositions by means of a distribution analysis of species from the genus Pinus in Mexico.
Mexico is recognized as a mega diverse nation with a high level of endemism (Rzedowski, 1991) . In Mexico, 56 pine taxa have been recorded (Farjon, 2001) , a great proportion of which are endemic to the country or have quite narrow distributions (Perry, 1991; Farjon and Styles, 1997) . The International Union for Conservation of Nature and Natural Resources (IUCN, 2009 ) listed 15 Pinus species as threatened according to 3 categories: Endangered (EN), Vulnerable (VU) or Near-Threatened (NT) (see Table 1 ). The Red List Criteria used by IUCN (2001) for listing species as threatened were population size, geographic range, and species probabilities of extinction. The extent of species distributions in protected areas (i.e. the degree of representation) was not part of these criteria.
To protect biodiversity, the IUCN proposed that 10-12% of a countries' territory should be dedicated to the establishment of protected areas (IUCN, in Rodrigues et al., 2003) . However, this proposal did not take into account the distribution of biodiversity, nor did it consider specific requirements to protect species adequately, such as the size of protected areas (Rodrigues et al., 2003) . Rodrigues et al. (2004a) stipulated that the total cover of protected areas in countries does not give adequate information regarding the true level of protection. In Mexico, the conservation and protection of biodiversity has not always been the primary reason to establish protected areas (CONANP-CONABIO, 2007) . Despite the establishment of 166 federal protected areas which cover almost 12% of its territory (CONANP, 2009a) , recent studies have reported an inadequate levels of representation for several species (Cantú et al., 2004; Riemann and Ezcurra, 2005) .
In this study, the distribution of species from the genus Pinus was modelled by means of the Maximum entropy modeling software "MAXENT", (Phillips et al., 2006) to quantify the degree of representation of Pinus species in the protected areas of Mexico. We analyzed whether narrow distributions and/or occurrences at relative low elevations (high human pressure) affected the species' representation levels. We expected to find that pine taxa which were classified as threatened on the basis of IUCN criteria (Table 1) were poorly represented in the Mexican protected areas.
Materials and methods
Species distribution data. The study included the 56 pine taxa listed for Mexico in the World Checklist and Bibliography of Conifers (Farjon, 2001) (Table 1) . A total of 5336 location records for these taxa were extracted from the BRAHMS database (BRAHMS database, University of Oxford, http://dps.plants.ox.ac.uk/bol/documentation). Subsequently, the records were geo-referenced to Lambert Conformal Conic and projected on a map of Mexico. The records that appeared as duplicates or were erroneously geo-referenced (1469), were deleted, leading to a total of 3 867 points used in the analysis. Layer preparation. In total, 8 environmental layers were used in the species distribution modeling: a digital elevation model (DEM) (INEGI, 2009), slope, precipitation, temperature, soil types, humidity, soil humidity regimes and land vegetation cover (CONABIO, 2009 ). The DEM was downloaded at a grain size of 30 x 30 m, in fragments with a maximum size of 2 degrees square. These fragments were pasted together to obtain a single DEM layer covering the entire country. The slope layer was constructed from the DEM, using the slope function from the spatial analyst tool of the ArcInfo software version 9.3 (ESRI, 2009), at a resolution of 300 x 300 m. The layers of average annual precipitation, humidity, and soil humidity regimes were obtained in 9 classes, at a scale of 1:4 000 000. The layer of average annual temperature contained 6 categories and was also at a scale of 1:4 000 000. The land use and vegetation layer, modified by CONABIO (1999) , had a scale of 1:1 000 000 and included 27 categories. Finally, the soil types layer contained 32 different categories and was available at a scale of 1:4 000 000. All layers were changed into a raster format with a resolution of 300 x 300 m at the same extent. A total of 166 federal protected areas (CONANP, 2009b) were included in a separate layer. The dataset was analyzed with the software ArcInfo version 9.3 (ESRI, 2009). Model construction and analysis. The Maxent modeling algorithm version 3.3.0 (Phillips et al., 2006 ) was used to model the distribution of species, applying 500 iterations, a convergence threshold of 0.00001, and a cumulative output.
For each pine taxon a MAXENT model was generated using a cumulative output ( Fig. 1 ). This output showed the so-called relative suitability for each grid cell, applying values from 0 to 100, with higher values meaning higher suitability.
The models generated by Maxent were evaluated by their area under the ROC curve (AUC) generated for each model, and by the test proposed by Pearson et al. (2007) in the case of species with small sample sizes. Models with AUC values from 0.75 and above were considered useful, as recommended by Elith (2000. In Phillips and Dudik, 2008) . The AUC is a threshold-independent method that measures the overall model performance. AUC values range from 0 to 1, with values of 0.5 or below indicating a model that is no better than random and with a value of 1 when the model has perfect discrimination (Engler et al., 2004) . The Maximum Training Sensitivity + Specificity (MTS+S) threshold criterion was used to create presence/ absence maps for each pine taxon as suggested by Jimenez-Valverde and Lobo (2007) . The presence/absence maps were converted to a polygon format yielding the total extent of occurrence in km 2 for each pine taxon. Representation levels of pine taxa were defined based on the overlap of the modelled distribution area with the layer of protected areas. Three representation classes (gap, partial gap or covered) were defined following Rodrigues et al. (2004b) . Taxa for which the modelled distribution was fully outside any protected area were called gap taxa. Partial gap taxa showed a representation below a so-called target value. This value depended on the total extent of the modelled distribution of each taxon. For taxa with a total distribution of 1 000 km 2 or less the target representation value was defined as 100%. For taxa with a total distribution of 250 000 km 2 or more the target representation value was defined as 10%. For taxa with total distributions between 1 000 and 250 000 km 2 , the target was interpolated as proposed by Rodrigues et al. (2004b) . Covered taxa showed a representation equal or above the target value. All GIS analyses were carried out with ArcInfo version 9.3 (ESRI, 2009).
Differences in area protected between taxa classified as threatened and not threatened were tested by means of a Mann-Whitney test (Zar, 1984) . Linear regression was used to examine how the area protected depended on distributional extent.
Results
All MAXENT models performed well as assessed by the AUC on the test data, which was above 0.76 for all species with the exception of 7 pine taxa. These had small sample sizes (6 or less points) and, therefore, the test proposed by Pearson et al. (2007) was applied ( Table 1) .
The total extent of the modelled species distributions was highly related to the total extent inside protected areas (Fig. 2) . All species were classified as partial gap taxa. The representation levels did not go beyond 70% (Table 1) . Pearson et al. (2007) . Models with values equal or smaller than 0.05 were considered useful.
-NA represents models from which a test AUC or P-value could not be obtained due to the small sample size available (2 observation points). Thirty nine taxa showed a representation below 10%, 14 taxa had a representation between 10% and 20%, and only 3 taxa were represented at levels of 20% or above.
The extent of the modelled distribution of threatened pine taxa was significantly smaller than that of other pine taxa (Mann-Whitney test U = 161, p<0.05) and showed a smaller overlap with protected areas (Mann-Whitney test U = 165, p<0.05). Compared to the non-threatened species, the threatened pine taxa showed a higher percentage deficit to the representation targets, which implies that they were less well represented in the Mexican protected areas (Mann-Whitney test U = 200, p<0.05).
All threatened taxa had at least 90 percent of their extent of modelled occurrence below 2800 m. Pinus species which prefer lower altitudes were sparse in protected areas (Fig.  3) . The maximum elevation of the modelled distribution of threatened pine species was considerably lower than that of the non-threatened pine species (Mann-Whitney test U= 173.5, p<0.05).
Discussion
Overall, our results suggest that the present system of protected areas in Mexico fails to adequately protect pine species. Almost 70% of the analyzed species had less than 10% of their modelled distribution area protected. None of the taxa reached their representation targets (following Rodrigues et al., 2004b) , implying that their modelled distribution had insufficient overlap with protected areas. In view of the economic importance of pines for Mexico, this outcome is troublesome, even more so if we take into account that the deforestation rate for the country is extremely high (Semarnat, 2009; INEGI, 2007) .
Threatened pine species were less widely distributed than other pine species. Presumably this is because species that occur in scattered and sparsely distributed populations are prone to extinction due to anthropogenic or stochastic effects (Gaston, 2003) . Also, pine species distributed at higher altitudes were better represented in protected areas than the ones distributed at lower elevations. This corroborates conclusions by Cantú et al. (2004) that high elevation areas were better represented in the Mexican protected areas. Further, it agrees with observations by CONABIO et al. (2007) that pine-oak forests in Mexico are poorly represented in protected areas and that this vegetation type should receive a conservation priority also because of its high biological value. Our results indicated that conservation targets should be directed particularly toward species with narrow distributions, which occur at low altitudes, such as Pinus attenuata, Pinus cembroides ssp. lagunae, Pinus muricata, Pinus radiata var. binata, and Pinus rzedowskii. Specifically, the populations of Vaca Pinta and Chiqueritos in Michoacán for P. rzedowskii, Vereda and Picacho in Baja California Sur for P. cembroides ssp. lagunae and Colorado, Baja California, for P. muricata have been proposed by Delgado et al. (2008) as important regions for conservation following phylogenetic, genetic, and demographic information. Arguably, some of the important areas for establishing new protected areas with a focus on the conservation of the genus Pinus are the Sierra Madre Occidental and Sierra Madre del Sur, where many of the Mexican pine taxa exist and where protected areas are scarce.
Threatened pine species occurred at lower maximum elevations that non-threatened species, and were less well represented in protected areas. This substantiates the fact that at low elevations in Mexico, where human population density is highest, and where land cover changes and fragmentation impacts are most severe, more protection is needed (Fjeldså and Rahbek, 1998; Balmford et al., 2001; Menon et al., 2001; Cantú et al., 2004) .
